The establishment of cartilage regenerative medicine has been an important issue in the clinical field, because cartilage has the poor ability of self-repair. Currently, tissue engineering using autologous chondrocytes has risen, but we should investigate more appropriate cell sources that can be obtained without any quantitative limitation. In this study, we focused on induced pluripotent stem (iPS) cells, in which the ethical hurdle does not seem higher than that of embryonic stem cells. Mouse iPS cells were transplanted into the mouse joint defect model of the knee. Strains of the transplants and hosts were arranged to be either closest (homology 75% in genetic background) or identical (100%). For transplantation, we embedded the iPS cells within the collagen hydrogel in order to obtain the effective administration of the cells into defects, which induced the differentiation of the iPS cells. At 8 weeks of transplantation, although the iPS cells with a 75% homology to the host in the genetic background tended to form teratoma, those of 100% showed a joint regeneration. GFP immunohistochemistry proved that the transplanted iPS cells were responsible for the bone and cartilage repair. Taking these results together, the iPS cells are regarded as a promising cell source for the cartilage tissue engineering.
ABSTRACT
The establishment of cartilage regenerative medicine has been an important issue in the clinical field, because cartilage has the poor ability of self-repair. Currently, tissue engineering using autologous chondrocytes has risen, but we should investigate more appropriate cell sources that can be obtained without any quantitative limitation. In this study, we focused on induced pluripotent stem (iPS) cells, in which the ethical hurdle does not seem higher than that of embryonic stem cells. Mouse iPS cells were transplanted into the mouse joint defect model of the knee. Strains of the transplants and hosts were arranged to be either closest (homology 75% in genetic background) or identical (100%). For transplantation, we embedded the iPS cells within the collagen hydrogel in order to obtain the effective administration of the cells into defects, which induced the differentiation of the iPS cells. At 8 weeks of transplantation, although the iPS cells with a 75% homology to the host in the genetic background tended to form teratoma, those of 100% showed a joint regeneration. GFP immunohistochemistry proved that the transplanted iPS cells were responsible for the bone and cartilage repair. Taking these results together, the iPS cells are regarded as a promising cell source for the cartilage tissue engineering.
Cartilage is known for its poor self-repair, and for its difficulty in autologous tissue transplantation due to the scarceness of donor tissues in the body. The majority of causes which cartilage suffers is congenital anomaly, trauma, osteoarthritis (OA), and rheumatoid arthritis and many of them result in the lifelong decline in the quality of life. Conventional treatments for the loss of cartilage need, using OA as an example, anti-inflammatory analgesic medication, physical therapy, or joint replacement. Recently, a new treatment utilizing tissue engineering has been developed and such treatments are reported to be successful (4). However, tissue engineering often requires a large amount of cells. Cell sources of such procedures are regarded as autologous chondrocytes or autologous mesenchymal stem cells (MSC). Neither of them are easily collected, because the collection of the latter has to go through invasive procedures and because that of the former is not always available due to the scarceness of the resource. Even if the required number of cells was successfully collected, there are still problems to be solved, like dedifferentiation in the cultured chondrocytes with repeated passaging (28) . Based on these facts, it seems clear that an alternative cell resource is waited. Such ideal sources would be stems cells as em-Tg(CAG-EGFP)C14-Y01-FM131Osb, Green mouse iPS cells) were kindly provided from ERATO NAKAUCHI Stem Cell and Organ Regeneration of the Institute of Medical Science, the University of Tokyo. Feeder cells were prepared from murine embryonic fibroblasts (MEF) obtained from embryos of 12-day pregnant ICR mice (CLEA Japan, Tokyo, Japan). The MEF were treated with mitomycin-C (Sigma Aldrich, Missouri, USA) and were ready to be used as feeder cells. The iPS cells were cultured on the feeder cells. The medium (ES CELL MEDI-UM; Millipore, Massachusetts, USA) was changed every day. In order to induce the chondrocyte differentiation under in vitro conditions, Nanog GFP iPS cells were singly dissociated and the dissociated cells were mixed in 20 μL of 1% collagen hydrogel (atelocollagen; Koken, Tokyo, Japan) at the density of 10 6 , 10 7 and 10 8 cells/mL. Pellets were cultured in a chondrocyte differentiating medium containing MEM alpha (Sigma Aldrich) conditioned by penicillin/streptomycin (Sigma Aldrich), 3500 μg/mL glucose (Wako Pure Chemical Industries, Osaka, Japan), 6.25 μg/ mL insulin (Novo Nordisk Pharma, Tokyo, Japan), 6.25 μg/mL transferrin (Sigma Aldrich), 6.25 ng/mL selenite (Sigma Aldrich), 5.33 μg/mL linolate (Sigma Aldrich), 1.25 mg/mL bovine serum albumin (Sigma Aldrich), 10 ng/mL transforming growth factor-β3 (Wako Pure Chemical Industries), 100 nM dexamethasone (Sigma Aldrich) and 50 μg/mL ascorbic acid-2-phosphate (Wako Pure Chemical Industries) (9) . The media were changed twice a week and the pellets were cultured for 1 week.
PCR analysis. RNA was extracted from plate-cultured cells, day 0 pellets, and 1 week-cultured pellets by Isogen (NIPPON GENE, Tokyo, Japan). Gene expressions of nanog, oct3/4, sox2, brachyury, pdgfrb, hand1, sox9, col2a1 (col2), aggrecan and gapdh were examined by PCR using the PrimeScript RT-PCR kit (Perfect Real Time) and TaKaRa Taq Hot Start Version (Takara Bio, Shiga, Japan). Sequences for the primers are shown in Table 1 (gapdh (30), sox9 (30) , aggrecan (1), nanog (11), brachyury (3), pdgfrb (27) , hand1 (19) , oct3/4 (22) , and sox2 (22) (14, 26, 29) . ES and iPS cells do not face the problem of deterioration during cell passaging. Tanigami and collaborators had reported that they were successful in regenerating rat knee joint cartilage by transplanting undifferentiated mouse ES cells embedded in collagen gel into the knee joint defect model, and just by letting the rats freely mobilize their knees (25) . This study suggested that undifferentiated ES cells could be differentiated and organized into proper tissues just by being placed in a physiological environment. However, we considered that ES cells might not be advantageous in future clinical trials, for they have the unsolved ethical issue that the ES cells are associated with a life source, i.e., the fertilized egg. Yamanaka and colleagues have recently reported the induction of iPS cells (22, 23) . The iPS cells are a great advantage for ES cells, because in contrast to the ES cells that are made from human fertilized eggs, the iPS cells could be induced from mature somatic cells. These properties allow autologous transplantation or allograft using cell banking from a huge number of donors. So many efforts have been made to apply the iPS cells to clinical medicine, and they are step by step getting closer to goal. Recently, the iPS cells could be induced from a few lymphocytes that could be collected from routine blood sampling (20) . Therefore, the foundation for the clinical application of iPS cells is about to be completed. We are now examining the application of iPS cells to the joint cartilage, for which the induction of regenerative medicine is waiting on. In this study, as the first step toward clinical application of the iPS cells, we transplanted murine iPS cells into the bone and cartilage defects of the knee joint in the mouse model, and examined their safety and efficacy. For the transplantation, collagen hydrogel was used as a scaffold for the iPS cells in order to improve the local retention of the cells, to promote differentiation, and to alleviate the risk of teratoma formation.
MATERIALS AND METHODS
Cell culture. The iPS cells in which the green fluorescent protein (GFP) was knocked into the endogenous Nanog locus (Nanog GFP iPS cells) were purchased from RIKEN BRC (ASP0001 iPS-MEFNg-20D-17). The iPS cells established from the bone marrow cells of EGFP-transgenic mice (C57BL/6-ples were collected. The tissue regeneration was histologically and histochemically observed in both groups using the iPS cells/atelocollagen mixture and atelocollagen alone, and compared with the sham surgery not filling the defect.
Histological and histochemical analyses. The collected samples were fixed in 4% paraformaldehyde phosphate buffer solution (Wako Pure Chemical Industries) overnight at 4°C. Samples were then decalcified with Morse solution (22.5% formic acid and 10% trisodium citrate dehydrate (Wako Pure Chemiranged to be the closest strain (75% homology). The transplantation of the Nanog GFP iPS cells was duplicated. The genetic background of the Green mouse iPS cells was 100% C57BL/6, while the host was C57BL/6 arranged to be the same strain. The transplantation of the Green mouse iPS cells was tripled.
For preparation of a transplant, the iPS cells were singly dissociated and were mixed in 1% atelocollagen (Koken) at the density of either 10 6 , 10 7 , or 10 8 cells/mL in approximately 1 μL volume. The mixture formed a gel by incubating at 37°C for 30 min. As a comparison, only 1% atelocollagen was used by the same procedure. Eight-week-old male mice (DBA and C57BL/6, CLEA Japan) were used for the transplantation. Before the surgery, the mice were given suficient anesthesia by intraperitoneal administration of pentobarbital sodium (Kyoritsu Seiyaku, Tokyo, Japan) 15 times diluted by physiological saline (10 mL/kg; Otsuka Pharmaceutical, Tokyo, Japan). The left patella was dislocated to the lateral side, and the defect was prepared at the patellar groove using 1 mm dental round burr. The defect size was 1 mm in both width and depth (Fig. 1) . The defect was filled by either a cell mixture or atelocollagen alone. At the end of the surgery, the patella was repositioned, and the wound was closed. The mice were harvested by intraperitoneal administration of pentobarbital sodium at 2, 4, and 8 weeks post-surgery and the sam- 
gen hydrogel into the mouse bone and cartilage defect, although no tumor was seen in the C57/BL6 mice into which the Green mouse iPS cells were transplanted, the DBA mice in which the Nanog GFP iPS cells were transplanted showed tumor formation at the surgical sites (Table 2) . Macroscopically, the tumor was pressing the surrounding tissue outwards (Fig. 3A, B) . The tumor was immature teratoma histopathologically (Fig. 3C, D) . Within 8 weeks, the Nanog GFP iPS cells transplanted in a high density (10 7 -10 8 cells/mL) formed the tumor. For the samples using Green mouse iPS cells, the defects without any filling or with only the collagen hydrogel could not renew the joint surface by 8 weeks. On the ther hand, the joints filled with iPS cells embedded within the collagen hydrogel reproduced the smooth contour of the joints, especially in the group in which the iPS cells were administered at the cell density of 10 8 /mL (Fig. 4) . Immunohistochemical staining of the GFP showed that the iPS cells positive for GFP remained in the transplanted site and that those cells became part of the cartilagelike tissue in 8 weeks, meaning that the iPS cells were responsible for the joint regeneration (Fig. 5) .
cal Industries) in double distilled water), embedded in paraffin, and then sliced in 5-10 μm. Sections were deparaffinized, and stained with hematoxylin and eosin (Sakura Finetek Japan, Tokyo, Japan), and GFP immunohistochemistry. The procedure for the GFP immunohistochemistry is as follows: deparaffinized, 0.1% trypsin-PBS (trypsin: Invitrogen, California, Japan) at 37°C for 20 min, washed twice in PBS for 5 min, placed in 3% H 2 O 2 (Wako Pure Chemical Industries) in methanol (Wako Pure Chemical Industries) at room temperature for 15 min, washed twice in PBS for 5 min, 10% goat serum (Nichirei Bioscience, Tokyo, Japan) at room temperature for 10 min, washed twice in PBS for 5 min, stained in 1 : 100 rabbit anti-GFP serum (Invitrogen) at 4°C overnight, placed in 1 : 6 HRP-labeled goat anti-rabbit IgG (Thermo Fisher Scientific, Massachusetts, USA) at room temperature for 60 min, washed twice in PBS for 5 min, DAB (Vector Laboratories, California, USA) for 5 min, and then counter stained with hematoxylin (Sakura Finetek Japan). The concentration of the antibodies or sera was determined within the recommended ranges of the manufacturers. Normal rabbit IgG at the same concentration was used as a negative control instead of the primary antibody.
RESULTS

In vitro induction of differentiation
The mRNA expression of nanog immediately decreased after embedding the iPS cells within the collagen hydrogel, implying that the three-dimensional culture with the biological hydrogel reduces the pluripotency of the iPS cells and may support the commitment to the offspring lineage. At 1 week after pellet culture, the PCR findings of nanog, oct3/4, and sox2 showed the downregulation of these stem cell markers to some level, but not a complete loss (Fig. 2) . On the other hand, upregulation of brachyury, but not that of pdgfrb or hand1, was noted, showing that the 1-week pellet culture was sufficient for differentiation to the mesoderm, especially for that of the non-cardiovascular system. Although the PCR findings of sox9 and col2 also suggested chondrocyte differentiation in the 1-week pellet culture, the expression of aggrecan was not detected at 1 week, showing that this culture system did not enable full differentiation of the iPS cells into chondrocytes.
Cell transplantation into joint defect
Upon transplanting iPS cells embedded in the colla- 
DISCUSSION
The results of the pellet culture showed that having iPS cells in a three-dimensional environment leads to losing pluripotency and to moving into differentiation. However, a 1-week culture was not enough to turn them into mature chondrocytes. Soncin and colleagues reviewed that during the differentiation of ES cells, the downregulation of E-cadherin results in cell-cell contact loss (21) . A similar report was made by Zhang and coworkers that during the cardiac differentiation of iPS cells, the differentiation culture under the circumstances of cell-cell contact loss caused the downregulation of E-cadherin. This study also showed the upregulation of brachyury and MESP 1, followed by the upregulation of many other transcription factors involved in cardiac development and mostly the downregulation of many pluripotency markers (34) . E-cadherin is highly expressed in mouse embryonic stem cells and this kind of cadherin has important functions in the pluripotency and reprogramming. In contrast, interference with E-cadherin in ES cells causes differentiation (18) . The differentiation of stem cells may be influenced by interactions with the extracellular microenvironment. Such a phenomenon can be mimicked by a three-dimensional culture using synthetic biomaterials (16). Liu and collaborators were successful in differentiating human iPS cells into MSC-like cells which can be differentiated into osteocytes, chondrocytes, and adipocytes just by singly dissociating iPS cells and seeding those cells on fibrillar type1 collagen-coated plate and culturing in defined medium (10) . Taking these reports together, mixing iPS cells in collagen hydrogel could have these cells undergo a loss of cell-cell contact, which condition forced the iPS cells to lose pluripotency and undergo differentiation. The transplantation of iPS cells into the joint de- Fig. 3 Immature teratoma formation in DBA mice in which Nanog GFP iPS cells were transplanted. The DBA mice in which Nanog GFP iPS cells were transplanted at the cell density of 10 8 /mL showed tumor formation at the surgical sites 8 weeks after transplantation (A, B) . Macroscopically, the tumor was solid and elastically hard, and pressed the surrounding tissue outwards. Histopathological findings of the immature teratoma (H&E, C, D). The femoral bone was destructed by the tumor (D). The tumor contains immature embryonal epithelium(*) and immature mesenchymal elements were observed (**). Immature cartilage was also present (→). Bar = 5 mm in C, 100 μm in D. formation. Another reason may be the minor strain mismatch between the host and the transplants as the genetic background of the transplanted Nanog GFP iPS cells was only 75% DBA and the host was DBA, meaning that 25% of the genetic background was not shared. As Rakoff-Nahoum (17) and Coussens (2) had mentioned, it has been widely understood that inflammation plays important roles in development of cancer. Rakoff-Nahoum also mentioned that there are reports indicating that inflammation caused by host defense and tissue repair can locally stimulate tumorigenesis by doubling-up many molecules and pathways playing roles in tissue repair and tumorigenesis. The minor histocompatibility antigen can cause GVHD, which could induce a kind of chronic inflammation (5) , which may play a role in tumor formation. Taking those reports together, the chronic inflammation of the host defense caused by a minor fect of the mouse model used in this study showed that some lots of iPS cells may end up in tumor formation instead of regenerating the bone and cartilage. This may be due to a difference in growth speed or other characteristics among the cell lots. The Nanog GFP iPS cells were induced from male MEF and were retrovirally transfected with Yamanaka's 4 factors (sox2, klf4, oct3/4 and c-myc). These colonies grew rather quickly so that we had to passage them every 3 days. On the other hand, the Green mouse iPS cells were also retrovirally transfected with the same factors, but were induced from the bone marrow hematopoietic cells and the growth of the colonies were rather slow such that we mainly passaged them every 4 days. Considering the differences in the growth speeds of these 2 lots of iPS cells, there may be some differences that determine the characteristics of the cells such as the susceptibility of differentiation induction and potential of the tumor mice. Taking these results together, the iPS cells could be the dominant cell source in bone and cartilage regenerative medicine if the conditions that cell selection and management were done properly, and that the mechanical condition was in control postsurgery.
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We express our gratitude to Professor Yoshimitsu Nakauchi and Dr. Of course, the high density of iPS cells seems one of risk factors. The administration at a high cell density implied the increased number of iPS cells to be transplanted, boosting the odds at which a certain population of harmful cells was transplanted into the body. Moreover, when the iPS cells were administered into the defect at a high cell density, the individual cells hardly received sufficient local factors derived from the surrounding normal tissues, and could not turn into mature tissue. As Yanagisawa and coworkers had reported, the local factors concentrated into the cartilage defects from the surrounding normal tissues have a strong potential to mediate joint repair, if the cartilage defects were sufficiently small (31) . Insufficient local factors reaching the transplanted iPS cells also increased the remaining undifferentiated cells and the risk for tumor formation. However, many of the mice that were transplanted with iPS cells showed a rather smoother bone healing and cartilage regeneration. These regenerative tissues were positive for GFP, meaning that the tissue originated from the transplanted iPS cells. It had been reported that the mechanical condition plays an important role in cartilage regeneration by the ES cells (12) . By letting rats freely bend their knees after transplanting the ES cells in the knee joint defect model, it not only suppressed tumor formation but also succeeded in cartilage regeneration. In this study, we gave mice no restriction in their movement hoping that the mechanical condition caused by the knee bending movement and also weight bearing would do much better. As a result, bone and cartilage regeneration occurred in some 
